We study the properties of non-rotating and rotating neutron stars for a new set of equations of state (EOSs) with different high density behaviour obtained using the extended field theoretical model. The high density behaviour for these EOSs are varied by varying the ω−meson self-coupling and hyperon-meson couplings in such a way that the quality of fit to the bulk nuclear observables, nuclear matter incompressibility coefficient and hyperon-nucleon potential depths remain practically unaffected. We find that the largest value for maximum mass for the non-rotating neutron star is 2.1M ⊙ . The radius for the neutron star with canonical mass is 12.8 − 14.1 km provided only those EOSs are considered for which maximum mass is larger than 1.6M ⊙ as it is the lower bound on the maximum mass measured so far. Our results for the very recently discovered fastest rotating neutron star indicate that this star is supra massive with mass 1.7 − 2.7M ⊙ and circumferential equatorial radius 12 − 19 km.
I. INTRODUCTION
The knowledge of neutron star properties is necessary to probe the high density behaviour of the equation of state (EOS) for the baryonic matter in β−equilibrium. The EOS for the densities higher than ρ 0 = 0.16 fm −3 can be well constrained if radii for the neutron stars over a wide range of their masses are appropriately known. Even the accurate information on the maximum neutron star mass M max and radius R 1.4 for the neutron star with canonical mass (1.4M ⊙ ) would narrow down the choices for the plausible EOSs to just a few. Till date, the neutron stars with masses only around 1.4M ⊙ are accurately measured [1, 2, 3] .
Recent measurement of mass of the pulsar PSR J0751+1807 imposes lower bounds on the maximum mass of the neutron star to be 1.6M ⊙ and 1.9M ⊙ with 95% and 68% confidence limits, respectively [4] . The increase in the lower bounds of the neutron star maximum mass could eliminate the family of EOSs in which exotica appear and substantial softening begins around 2 to 4 ρ 0 leading to appreciable reduction of the maximum mass. The available data on the neutron star radius have large uncertainties [5, 6, 7, 8, 9] . The main source of the uncertainties in the measurements of the neutron star radii are the unknown chemical composition of the atmosphere, inaccuracies in the star's distance and high magnetic field (∼ 10 12 G). Recent discovery of the binary neutron star system PSR J0737-3039A,B [2] with masses of the individual star being 1.338M ⊙ and 1.249M ⊙ have raised the hope for the possibility of measuring the moment of inertia due to the spin-orbit coupling effects [3] . It is expected that a reasonably accurate value for neutron star radius can be deduced from the moment of inertia measurements. Very recent discovery of the fastest rotating neutron star with rotational frequency of 1122 Hz observed in the X-ray transient XTE J1739-285 [10] has placed an additional constrained on the EOS at very high density [11] .
Theoretically, the mass-radius relationship and compositions of the neutron stars are studied using various models which can be broadly grouped into (i) non-relativistic potential models [12] , (ii) non-relativistic mean-field models [13, 14, 15, 16] , (iii) field theoretical based relativistic mean-field models (FTRMF) [17, 18, 19] and (iv) Dirac-Brueckner-Hartree-Fock model [20, 21, 22, 23] . Each of these models can yield EOSs with different high density behaviour which is not yet well constrained. As a result, neutron star properties vary over a wide range even for the same model. In this work we shall mainly focus on the variations in the properties of the neutron stars obtained within the FTRMF models. The FTRMF models predict the values of M max = 1.2 −3.0M ⊙ and R 1.4 = 10 −16 km for the non-rotating neutron stars [24, 25, 26] . The lower values of M max and R 1.4 correspond to the neutron stars composed of nucleons and hyperons in β−equilibrium, where as, the higher values of M max and R 1.4 correspond to the neutron stars with no hyperons. We would like to emphasize that not all the different parameterizations of the FTRMF model, employed to study the neutron star properties, are able to reproduce satisfactorily the basic properties of finite nuclei and nuclear matter at the saturation density. For instance, the value of the nuclear matter incompressibility coefficient which largely controls the low density behaviour of a EOS very in between 200−360 MeV for different FTRMF models. Though, the value of nuclear matter incompressibility coefficient is very well constrained to 230 ± 10 MeV by the experimental data on the isoscalar giant monopole resonances in heavy nuclei [27, 28] . The variations in the neutron star properties resulting from the differences in the high density behaviour of the different EOSs can be appropriately studied only if the low density behaviour for each of these EOSs are constrained using the experimental data on the bulk properties of the finite nuclei and nuclear matter at the saturation density.
The extended FTRMF model [29, 30, 31] includes mixed and self-coupling terms for the σ, ω and ρ mesons. The ω-meson self-coupling term enables one to vary the high density behaviour of the EOS without affecting nuclear matter properties at the saturation density [24] . The mixed interaction terms involving ρ-mesons allow ones to significantly vary the density dependence of the symmetry energy coefficient [32, 33, 34] which plays crucial role in determining cooling mechanism of a neutron star [35] . Yet, such a versatile version of the FTRMF model is not fully explored to study the variations in the properties of the neutron stars resulting mainly from the uncertainties in the high density behaviour of EOS.
In the present work we use the extended FTRMF models to obtain a new set of EOSs with different high density behaviour for the β−equilibrated matter composed of nucleons and hyperons. Each of these different EOSs correspond to different choices for the ω−meson self-coupling and hyperon-meson couplings which mainly affects the high density behaviour of a EOS. The remaining parameters of the model are calibrated using a set of experimental data on the total binding energy and charge rms radii for a few closed shell nuclei. In our calibrational procedure we also use the value of neutron-skin thickness for the 208 Pb nucleus as one of the data. Since, the neutron-skin thickness is only poorly known, we obtain different parameter sets for different neutron-skin thickness ranging from 0.16 − 0.28 fm. We further restrict the parameters to yield a reasonable value for the nuclear matter incompressibility coefficient at the saturation density. We use our EOSs to study the mass-radius relationship and chemical compositions for non-rotating neutron stars. For the case of rotating neutron stars, we present our results for the Keplerian sequences and also investigate the variations of mass and circumferential equatorial radius for the very recently discovered fastest rotating neutron star.
In Sec. II we outline very briefly the Lagrangian density and corresponding energy density for the extended FTRMF model. In Sec. III we present our various parameterizations for different combinations of a ω-meson self-coupling, hyperon-meson couplings and neutronskin thickness for the 208 Pb nucleus. In Sec. IV we present our results for the nuclear matter properties at the saturation density. In this section we also discuss about the quality of the fits to the finite nuclei for these parameterizations. In Sec. V we present our results for the properties of non rotating neutron stars. We also generate some rotating neutron star sequences for which the results are presented in Sec. VI. Finally our main conclusions are presented in Sec. VII.
II. EXTENDED FIELD THEORETICAL MODEL
The effective Lagrangian density for the FTRMF model generally describes the interactions of the baryons via the exchange of σ, ω and ρ mesons. The σ and the ω mesons are responsible for nuclear binding while ρ meson is required to obtain the correct value for the empirical symmetry energy. The cubic and quartic terms for the self-interaction of the σ-meson are often considered which significantly improves the value of the nuclear matter incompressibility. Nevertheless, the value of the nuclear matter incompressibility coefficient for these models are usually larger in comparison to their values extracted from the experimental data on the isoscalar giant monopole resonances. Moreover, the symmetry energy coefficient and its density dependence is also somewhat higher relative to the corresponding empirical estimates. One can easily overcome these issues in the extended FTRMF model which includes self and mixed interaction terms for σ, ω and ρ mesons upto the quartic order. In particular, mixed interaction terms involving rho-meson field enables one to vary the density dependence of the symmetry energy coefficient and the neutron skin thickness in heavy nuclei over a wide range without affecting the other properties of finite nuclei [33, 34] .
The contribution from the self interaction of ω-mesons plays important role in varying the high density behaviour of the EOS and also prevents instabilities in the calculation of the EOS [24, 36] . On the other hand expectation value of the ρ-meson field is order of magnitude smaller than that for the ω-meson field [31] . Thus, inclusion of the ρ-meson self interaction can affect the properties of the finite nuclei and neutron stars only very marginally [24] .
The Lagrangian density for the extended FTRMF model can be written as,
Where the baryonic and mesonic Lagrangian L BM can be written,
Here, the sum is taken over the complete baryon octet which consists of nucleons, Λ, Σ and Ξ hyperons. For the calculation of finite nuclei properties only neutron and proton has been considered. τ B are the isospin matrices. The Lagrangian describing self interactions for σ, ω, and ρ mesons can be written as,
The ω µν , ρ µν are field tensors corresponding to the ω and ρ mesons, and can be defined as
The mixed interactions of σ, ω, and ρ mesons L σωρ can be written as,
The L em is Lagrangian for electromagnetic interactions and can be expressed as,
where, 
The charge neutral neutron star matter also includes leptons such as e − and µ − in addition to neutrons, proton, and hyperons at the high densities. The leptonic contributions to the total Lagrangian density can be written as,
The equation of motion for baryons, mesons and photons can be derived from the Lagrangian density defined in Eq.(1). The equation of motion for baryons can be given as,
The Euler-Lagrange equations for the ground state expectation values of the mesons fields are:
where the baryon density ρ B , scalar density ρ sB and charge density ρ p are, respectively,
Where, γ is the spin degeneracy. The M * B = M B − g σB σ − g σ * B σ * is the effective mass of the baryon species B, k B is its Fermi momentum and τ 3B denotes the isospin projections of baryon B.
The energy density of the uniform matter in the extended FTRMF models is given by
The pressure of the uniform matter is given by
III. PARAMETERIZATIONS OF THE EXTENDED FTRMF MODEL
In this section we consider various parameterizations of the extended FTRMF model. The are so made that they span entire range of values as often used in the literature. We must point out that the contributions from the ρ-meson self-coupling are ignored, because, their effects are found to be only marginal even for the pure neutron matter at very high densities [24] .
Towards our parameterizational procedure we first set hyperon-meson couplings g iY = 0
in Eqs. (2, and δ i are searched using the simulated annealing method [38, 39] . In our earlier work [39] we have obtained the parameter sets for ζ = 0.0, 0.03 and 0.06 with ∆r = 0.18 fm. Here too we follow the same strategy to obtain the parameter set for a given combination of ∆r and ζ.
In Tables I, II and III we list the values of parameters for all the sets presently generated.
We now determine the values of the hyperon-meson coupling parameters g iY . These couplings can be expressed in terms of the nucleon-meson couplings using SU(6) model as,
The neutron star properties are quite sensitive to the values of g σY and g ωY . Where as neutron star properties do not get significantly affected even if the values of g σ * Y is varied over a reasonable range for a fixed value of g ΦY [40] . For g ρY , g σ * Y and g ΦY we use the values as given by Eq. (23) . The values of g σY and g ωY are determined using the expressions for the hyperon-nucleon potential. The potential depth for a given hyperon species in the nuclear matter at the saturation density (ρ sat ) is given as,
The values of U (N ) Y chosen are as follows [41] ,
Normally, g σY is determined for a given value of U (N )
Y (ρ sat ) with g ωY taken from SU(6) model. For the sake of convenience we define,
for Λ and Σ hyperons 2 g mY g mN for Ξ hyperons, (26) where, m stands for σ and ω mesons. In the present work we vary X ωY from 0.5 − 0.8 [42] . In Fig. 1 we display the variations of X σY as a function of X ωY obtained using the parameter set corresponding to ζ = 0.03 and ∆r = 0.22 fm. The values of X σY are for all other combinations of ζ and ∆r are very much the same as depicted in Fig. 1 . This is due to the fact that the properties of symmetric nuclear matter, like, binding energy per nucleon B/A, nuclear matter incompressibility coefficient K, effective nucleon mass M * N at the saturation density are very much similar for all the parameterizations considered in the present work.
IV. NUCLEAR MATTER AND FINITE NUCLEI
The various properties associated with the nuclear matter are obtained using parameter sets of Tables I, II reasonable agreement with the recent predictions based on the isospin diffusion data [37] .
The relative errors in the total binding energy and charge rms radius for the nuclei included in the fits are more or less the same as we have obtained in our earlier work [39] .
So, we do not wish to present here the detailed results. It might be sufficient for the present purpose to display the results for the rms errors for the total binding energies and charge rms radii obtained for our newly generated parameter sets. In Fig. 3 we plot the rms errors for the total binding energies and charge radii as a function of ∆r. It is quite clear from this figure that rms error show hardly any variations implying that all the parameter sets generated in the present work fit the finite nuclear properties equally well. In fact, if we do not consider the parameterizations with ζ = 0.0 and ∆r = 0.26 or 0.28 fm, the rms errors on the total binding energy are 1.5 -1.8 MeV which is comparable with one obtained using NL3 parameterizations as most commonly used [43] . The rms error of charge radii for the nuclei considered in the fit lie within the 0.025 − 0.040 fm.
V. NON-ROTATING NEUTRON STARS
In this section we present our results for the properties of the non-rotating neutron stars for a set of EOSs obtained using different parameterizations for the extended FTRMF model. 
are so determined that charge neutrality condition,
and chemical equilibrium conditions, In Fig. 4 we plot the EOS for the pure neutron matter and symmetric nuclear matter as a function of number density for the selected combinations of ζ and ∆r. We see that the EOS for ζ = 0.0 is the most stiffest, and as ζ increases the EOS becomes softer. The softening of EOS with ζ is more pronounced at higher densities. In Fig. 5 parameter sets similar to LY and UY parameterizations, but, with no hyperons. In Fig. 6 we present our results for mass-radius relationship for LY, UY, L0 and U0 parameterizations.
The region bounded by R 3GM/c 2 is excluded by the causality limit [46] . The line labeled by ∆I/I = 0.014 is radius limit estimated by Vela pulsar glitches [47] . The rotation constraint as indicated in Fig. 6 is obtained using [48] ,
with η = 0.57 and ν k = 1122 Hz which corresponds to the frequency for the fastest rotating neutron star present in the recently observed X-ray transient XTE J1739-285 [10] . The renormalization factor η account for the effects due to deformation and gravity. We also calculate the variations in the radiation radius,
for the neutron star with the canonical mass 1.4M ⊙ . It can be verified by using the results for the LY and UY cases presented in Fig. 6 that R ∞ lies in the range of 14.2 − 16.8 km.
Similarly, without the inclusion of hyperons, the values of R ∞ vary in the range of 15.3 − 16.8 km.
In Tables IV and V 
Our results for the values of redshift for the neutron star with canonical mass are 0.22±0.03.
It is also interesting to note that Z 0.35 only for the stars with masses 1.7M ⊙ or larger.
In Fig. 7 we have plotted the threshold densities for various hyperon species. In the same are greater than the critical value (∼ 15%) for the Direct Urca process to occur [35] .
We now consider our results for neutron star properties at the canonical and maximum masses for the set of EOSs obtained using all the different parameterizations as given in Sec.
III. These different parameterizations correspond to the different combinations of the ∆r, [19] . Another study carried out for 25 EOSs taken from different models show hardly any correlations between M max and I 1.34 [51] . In Fig. 9 we plot the variations of radius and EXO 0748-676 [53] . For Z = 0.35, we find that the M max is ∼ 1.8M ⊙ and the corresponding radius is ∼ 12 km. These values for neutron star masses and the corresponding radii are in reasonable agreement with the best suggested value of the mass 1.8M ⊙ and radius 11.5 km corresponding to Z=0.35 [54] .
To this end, we would like to mention that the calculations are repeated for an attractive M max by about 0.1M ⊙ [55] . We also remark that the effects due to the exchange and the correlations are not considered explicitly. But,they are taken into account at least partly through the non-linear self and mixed interactions of the mesons [29, 30] . The Eqs. (11) - (16) can be interpreted as the Khon-Sham equations in relativistic case and in this sense they include effects beyond the Hartree approach through the non-linear couplings. However, a more accurate treatment of the exchange and correlation effects should be pursued [56, 57] .
VI. ROTATING NEUTRON STARS
The properties of neutron stars can get significantly affected in the presence of rotation.
The effects of rotation on the neutron star properties are pronounced when the frequency of rotation is close to its Keplerian limit. Earlier studies indicate that the Keplerian frequency is ∼ 1000 Hz for the neutron stars with mass around 1M ⊙ [58] . Only very recently [10] , a neutron star rotating at 1122 Hz is discovered in the X-ray transient XTE J1739-285. In this section we shall discuss our results for the rotating neutron stars obtained using the extended FTRMF model. These results are obtained by solving the Einstein equations for stationary axi-symmetric spacetime. The numerical computations are performed using the code written by Stergioulas [59] .
In Fig. 11 we plot the neutron star mass versus the circumferential equatorial radius R eq for the Keplerian sequences obtained using EOSs for the LY, UY, L0 and U0 parameterizations of our model. The maximum mass of the neutron stars vary between 1.7 − 2.5M ⊙ and 2.0 − 3.0M ⊙ for the cases with and without the hyperons respectively. The values of
eq lie in the range of 18.4 − 20.0 km irrespective of whether or not hyperonic degrees of freedom are included. Because, the central density for the canonical mass in the presence of rotation becomes lower than the threshold densities for the hyperons. The Keplerian frequencies at maximum neutron star mass for various cases shown in Fig. 11 lie in the range of 1320 − 1560 Hz . This means that all the EOSs obtained in the present work can yield neutron stars rotating at 1122 Hz. In Fig. 12 we plot the mass and the corresponding values for R eq for the neutron star rotating at 1122 Hz. The lower and upper bounds on the radii R eq are determined by the setting-in of the axi-symmetric perturbation and mass-shedding instabilities, respectively [60] . The maximum values of R eq are well fitted by [60] R max eq = 13.87
which can be obtained using ν k = 1122 Hz and η = 1 in Eq. (32) . In Table VII , we give the minium and maximum values for the R eq and the corresponding neutron star mass for the various cases plotted in Fig. 12 . We get R min eq = 12.1 − 13.8 km and R max eq = 16.5 − 18.7 km. The values of M(R min eq ) and M(R max eq ) are in the range of 1.6 − 2.7M ⊙ and 1.7 − 2.6M ⊙ , respectively. The absolute difference between the M(R min eq ) and M(R max eq ) which gives the variations in the neutron star mass for a given EOS is at most 0.2M ⊙ . We also find that the baryonic mass for the neutron stars rotating with 1122 Hz for all the cases considered here are larger than the maximum baryonic mass for the corresponding non-rotating sequences.
This suggests that the recently discovered fastest rotating neutron star rotating with 1122
Hz is supra massive. We also list in Table VII 
